Introduction. Extremely premature babies, particularly those who have neonatal bronchopulmonary dysplasia, are at risk of brain damage and neurodevelopmental impairment. This study aimed to examine functional status of the brainstem auditory pathway in extremely premature babies and assess the impact of bronchopulmonary dysplasia on function. Material and methods. Brainstem auditory evoked response was studied at term in babies born at ≤27 weeks of gestation with or without neonatal bronchopulmonary dysplasia. The normal controls were term babies without perinatal problems. Results. Compared with the normal controls, the extremely premature babies showed an elevated response threshold, increased latencies of waves I, III and particularly V. They also showed significantly increased I-V and III-V intervals. The amplitudes of waves I and V were moderately reduced. These abnormalities were clearly more significant in those with bronchopulmonary dysplasia than those without bronchopulmonary dysplasia. A direct comparison between the two groups of extremely premature babies revealed that wave V latency, and I-V and particularly III-V intervals were significantly longer in the babies with bronchopulmonary dysplasia than those without bronchopulmonary dysplasia. Conclusions. Extremely premature babies have functional impairment of the brainstem auditory pathway. The impairment is clearly more significant in those with bronchopulmonary dysplasia than those without bronchopulmonary dysplasia. Neonatal bronchopulmonary dysplasia and associated unfavorable conditions are major contributors to brainstem auditory impairment in extremely premature babies.
Introduction
Extreme prematurity is an important neonatal condition that significantly affects brain growth and neural development (1, 2) . Nearly half of surviving extremely premature babies could develop significant neurological impairment and developmental disabilities, including auditory impairment, later in life. After birth, the majority of extremely premature babies are associated with various degrees of respiratory problems, and are oxygen-dependent for a prolonged period. Around half of extremely premature
Key Message
Extremely premature babies showed clear brainstem auditory evoked response abnormalities suggesting brainstem auditory impairment. The abnormalities were apparently more significant in babies with bronchopulmonary dysplasia than in those without bronchopulmonary dysplasia. Bronchopulmonary dysplasia adversely impact brainstem auditory function in babies born extremely premature. babies develop neonatal bronchopulmonary dysplasia (BPD). There is growing awareness that this severe chronic respiratory disease significantly affects growth and development of the immature brain (3) (4) (5) . The survivors often have various degrees of long-term neurological impairment and developmental deficits, including auditory impairment (6) .
In early life, a variety of unfavorable perinatal conditions or problems can damage the brainstem auditory pathway. Babies who are born extremely premature are inevitably associated with various major perinatal conditions. This is particularly evident in those who suffer neonatal BPD. The multifactorial nature of the disease process makes BPD a high risk for brain damage, including brainstem auditory impairment. For instance, during the course of development of neonatal BPD, the babies often experience prolonged intermittent hypoxic episodes. The chronic sublethal hypoxia could significantly affect the immature auditory pathway, resulting in functional impairment. Therefore, it is conceivable that there could be functional impairment in the brainstem auditory pathway in extremely premature babies, and that the impairment could be more significant in those with neonatal BPD than those without BPD. Such impairment could be detected by the brainstem auditory evoked response (BAER) -a noninvasive and objective method that reflects the functional integrity of the brainstem auditory pathway (7, 8) . It is well recognized that the BAER changes with neurological maturation and varies with the functional integrity of the brainstem auditory pathway (9) (10) (11) (12) . Study of BAER in babies can provide important information regarding functional status and maturation of the brainstem auditory pathway. In an attempt to detect any abnormality in the brainstem auditory pathway and assess the impact of neonatal BPD on the pathway we carried out a BAER study at term age in extremely premature babies who were born at ≤27 weeks of gestation.
Material and methods

Patients
In total, 67 extremely premature babies were recruited. These babies were born between 24 and 27 weeks of gestation, determined by the best estimate of the last menstrual period, obstetrical record and clinical examination. Their birthweights ranged between 566 and 1298 g. These extremely premature babies were further divided into two groups; those who had neonatal BPD (BPD group) and those who did not (non-BPD group). The diagnostic criteria for BPD included requirement for supplementary oxygen or ventilatory support beyond 36 weeks of postconceptional age to maintain PaO 2 > 50 mmHg, clinical signs of chronic lung respiratory disease and radiographic evidence of BPD (persistent strands of density in both lungs).
In the BAER, the most widely used variables that reflect brainstem auditory function are wave V latency and particularly I-V interval (7, 8, 12) . Based on the measurements of these two variables in our normal term infants, to achieve statistical significance for the comparison between groups (p < 0.05), the power calculation (a = 0.05, b = 0.10), and our previous experience in BAER studies (13) (14) (15) , a minimum of 22 babies are required in each group of infants. To perform a reliable data analysis and minimize any bias arising from possible variation in individual data obtained, a relatively large number of infants is preferred. In our 67 extremely premature babies recruited, 38 were diagnosed with BPD and 29 without BPD (non-BPD). The gestation was similar in the BPD group (25.8 AE 1.2 weeks) and the non-BPD group (26.2 AE 1.2 weeks). The birthweight in the BPD group (879 AE 176 g) was slightly lower than that in the non-BPD group (921 AE 250 g). Neither gestation, nor birthweight differed significantly between the two groups of babies.
The normal control group consisted of 44 healthy term babies. Their gestation ranged between 37 and 41 weeks (39.2 AE 1.3 weeks), with a birthweight of 2565-4523 g (3481 AE 475 g). These control infants did not have any perinatal complications or problems. All passed the neonatal hearing screening program with distortion product otoacoustic emission and automated BAER testing.
Recording of BAER
The study in extremely premature babies with BPD and those without BPD was carried out at term (postconceptional age 37-42 weeks). In the normal term controls, BAER recording was carried out between the 2nd and 5th days after birth. A Spirit 2000 Evoked Potential System (Nicolet Biomedical Inc. Madison, WI, USA) was used for BAER recording and analysis. Three gold-plated disk electrodes were placed at the middle forehead (+), the ipsilateral earlobe (À) and the contralateral earlobe (ground). The interelectrode impedances were maintained below 5 kΩ. Due to the limitations of otoscopy and tympanometry in the very young baby, we did not use these to assess middle ear status. Instead, we used BAER threshold as a practical measure to assess peripheral auditory function. The recording of BAER commenced shortly after the baby fell asleep naturally, often following a feed. The acoustic stimuli were rarefaction clicks of 100 ls, delivered monaurally to the left ear through a TDH 39 ª 2018 Nordic Federation of Societies of Obstetrics and Gynecology, Acta Obstetricia et Gynecologica Scandinavica 97 (2018) 545-551 earphone, at an intensity level of 60 dB normal hearing level (nHL) for all babies studied.
The sweep duration was 12 ms. Brain responses to the clicks were amplified and bandpassed between 100 and 3000 Hz before inputting to the averager. Brain responses to 2048 clicks were averaged to complete each run. An automatic artefact rejection was used to reduce the inclusion of high-amplitude muscular activity in the averaged responses. Two runs or more of recording were made for each testing condition to assess the reproducibility of recorded BAER waveforms.
Analysis of data
The recorded BAER waveforms were analyzed blind to the medical history and clinical data of the babies. The threshold of BAER was obtained by decreasing the click intensity in 10-dB steps until wave V in the recorded BAER waveform disappeared. The intensity was then increased in 5-dB step(s) until there was a visible and replicable wave V. The latencies and amplitudes of BAER waves I, III and V were measured in each recorded waveform, as previously depicted and described (7, 12) . The I-V, I-III and III-V interpeak intervals and the amplitude ratios of V/I and V/III were then derived.
The measurements from two replicated BAER recordings to each recording condition in each baby were averaged for statistical analysis using an SPSS package version 21 (SPSS Inc., Chicago, IL, USA). First, the one-sample Kolmogorov-Smirnov test was employed to examine whether the data of BAER variables followed normal distribution. The latencies and amplitudes of BAER waves I, III and V and the I-V, I-III and III-V intervals all followed normal distributions, but the V/I and V/III amplitude ratios did not. This was true of all groups of babies. As such, for comparison between different groups of babies analysis of variance tests were used for all BAER variables, except for the V/I and V/III amplitude ratios that were analyzed using Mann-Whitney U-test.
Ethical approval
Informed consent of parents was obtained for all babies who were recruited. The study was approved by the Children's Hospital Ethics Committee of Fudan University (JZDOX1105 on 12 May 2011).
Results
BAER in extremely premature babies
The postconceptional age at the time of recording BAER was similar in the three groups of babies; 39.2 AE 1.7 weeks for the BPD group, 39.3 AE 1.6 weeks for the non-BPD group, and 39.5 AE 1.6 weeks for the normal control group, which did not differ significantly between any groups. The BAER threshold in the extremely premature group (12.2 AE 7.2 dB nHL) was significantly higher than that in the normal term control group (9.8 AE 2.8 dB nHL) (p = 0.002). Wave I latency in the extremely premature group was longer than that in the normal term control group (p = 0.012) ( Table 1) . Similarly, wave III latency was longer than that in the control group (p = 0.002) ( Table 1) . Wave V latency was also, but more significantly, longer than that in the control group (p < 0.001) ( Table 1) .
Compared with that in the normal control group, the I-V interval in the extremely premature group was significantly increased (p = 0.004) ( Table 1) . Of the two smaller intervals, the I-III interval in the extremely premature group was similar to that in the normal term control group. However, the III-V interval in the extremely premature group was significantly longer than that in the control group (p = 0.005) ( Table 1) .
The amplitudes of BAER waves I, III and V in the extremely premature group all tended to be smaller than those in the normal control group (Table 2) . Nevertheless, none of these wave amplitudes were significantly reduced. The V/I amplitude ratio in the extremely Table 1 . Means and standard deviations (SD) of brainstem auditory evoked response (BAER) threshold, wave latencies and I-V interpeak interval in the normal term group, all extremely premature (EP) babies, EP non-bronchopulmonary dysplasia (BPD) and EP BPD babies and the results of statistical comparisons between these groups.
BAER variables
Normal term (mean AE SD) All EP (mean AE SD) EP non-BPD (mean AE SD) EP BPD (mean AE SD) premature group was slightly greater and the V/III amplitude ratio was slightly smaller, compared with those in the control group, without any statistical significance ( Table 2 ).
BAER in extremely premature babies with BPD and those without BPD
The BAER threshold in the extremely premature BPD group (12.5 AE 7.5 dB nHL) was significantly higher than that in the normal term control group (p = 0.018). In the extremely premature non-BPD group, the threshold (12.0 AE 7.2 dB nHL) was also higher than that in the control group (p = 0.031). Wave I latency in the extremely premature BPD group was longer than that in the normal term control group (p = 0.027) ( Table 1 ). The latency in the extremely premature non-BPD group was also longer than that in the control group, but the difference did not reach statistical significance. Wave III latency in both the BPD and non-BPD groups was longer than that in the control group (p = 0.029 and p = 0.020) ( Table 1) . Wave V latency in the BPD group was significant longer than that in the control group (p < 0.001) ( Table 1 ). The latency in the non-BPD group was also longer in the control group, though less significant (p = 0.002) ( Table 1) . Compared with that in the control group, the I-V interval in the extremely premature BPD group was significantly increased (p < 0.001) ( Table 1) . Similarly, the interval in the non-BPD group was increased, though less significantly (p = 0.002) ( Table 1 ). Both the extremely premature BPD and non-BPD groups showed a similar I-III interval to that in the control group. However, the III-V interval in both groups of extremely premature babies, particularly those with BPD, was significantly longer than that in the control group (p < 0.001 in the BPD group, and p = 0.003 in the non-BPD group) ( Table 1) .
Wave I amplitude was significantly reduced in the extremely premature BPD group (p = 0.014), and slightly reduced in the non-BPD group (Table 2) . Wave III amplitude was slightly reduced in the BPD group. This was also the case in the non-BPD groups. Wave V amplitude was significantly reduced in both the BPD and non-BPD groups (p = 0.018 and p = 0.042, respectively) ( Table 2 ). The V/I amplitude ratio in the extremely premature BPD group was slightly greater than that in the normal control group, but with no statistical significance (Table 2 ). This was also true for the non-BPD group. The V/III amplitude ratio in both the BPD and non-BPD groups was slightly smaller than that in the control group.
Comparison between extremely premature babies with BPD and those without BPD
A further comparison of the BAER data was made between the two groups of extremely premature babies to detect any differences. The BAER threshold in the BPD group was slightly higher than in the non-BPD group, with no statistical significance. The latencies of waves I and III were similar in the two extremely premature groups. However, wave V latency in the BPD group was significantly longer than that in the non-BPD group (p = 0.025) ( Table 1) .
There were clear differences in the I-V and, particularly, the III-V interval between the two groups of extremely premature babies. The I-V interval in the BPD group was longer than that in the non-BPD group (p = 0.020) ( Table 1) . Although the I-III interval was similar in the two groups of extremely premature babies, the III-V interval in the BPD group was significantly longer than that in the non-BPD group (p = 0.002) ( Table 1) .
The amplitudes of waves I and III in the BPD group were slightly smaller than those in the non-BPD group, although wave V amplitude was similar in two groups of extremely premature babies. None of the three wave amplitudes differed significantly between the BPD and non-BPD groups. The V/I amplitude ratio was similar in the two groups of extremely premature babies. This was also the case for the V/III amplitude ratio. Figures 1 and 2 show distribution of data points of the two important BAER variables (I-V and III-V intervals) in individual babies. These data points are distributed according to the postconceptional age at which the BAER was recorded in each baby. The data points of the I-V interval in the extremely premature babies, particularly those with BPD, are distributed higher than those in the normal controls (Figure 1 ). The distribution of the interval in the BPD babies is clearly higher than that in the non-BPD babies. Such distribution differences are even more significant for the III-V interval (Figure 2 ). For the BPD babies, the distribution of III-V interval is much higher than that for the normal controls and the non-BPD babies (Figure 2 ). For the non-BPD babies, the data points of both the I-V and III-V intervals are distributed higher than that in the normal controls, but the difference is clearly less significant, compared with the difference between the BPD babies and the normal controls ( Figure 2 ).
Discussion
Our extremely premature babies showed an elevated BAER threshold. Such an elevation is indicative of moderate peripheral auditory impairment in these babies. The slightly higher threshold in the BPD than in the non-BPD babies suggests that neonatal BPD exerts a small additional effect on the peripheral auditory pathway in babies born extremely premature. The higher risk of peripheral auditory impairment in the babies with BPD than those without BPD is generally comparable with some previous follow-up studies that premature infants who survived neonatal BPD are prone to develop peripheral hearing loss (6). The extremely premature babies showed a moderate increase in BAER wave I latency, but a major increase in the latencies of waves III and particularly V, and the I-V and particularly III-V intervals. There was also a moderate reduction in the amplitudes of BAER wave components. These abnormalities, particularly significant increase in the I-V and III-V intervals, were generally more significant in the babies with BPD than in those without BPD, and indicate functional impairment of the brainstem auditory pathway. The significantly longer I-V and III-V intervals in the BPD babies than the non-BPD babies provide strong evidence that the brainstem auditory impairment is more significant in extremely premature babies with BPD than those without BPD. Obviously, BPD and associated unfavorable conditions have a significantly adverse impact on the immature brainstem auditory function. The latencies of BAER wave components are significant affected by the threshold of BAER. The moderate increase in wave I latency in the extremely premature babies is clearly related to the elevation in BAER threshold in these babies. However, wave III and, particularly, wave V latencies in the two groups of extremely premature babies were significantly increased. This increase is, to a small extent, related to the moderate elevation in BAER threshold, but mainly related to the functional impairment in the brainstem auditory pathway, as reflected by the significant increase in the I-V and III-V intervals in these babies. Similarly, the moderate reduction in the amplitudes of all BAER waves in our extremely premature babies is partially related to the moderate elevation in BAER threshold, and partially related to brainstem auditory impairment.
Padilla et al. found that at term-equivalent age their babies born before 27 weeks of gestation had a global reduction in cortical and subcortical gray matter, and brainstem (1). In our study, the significant increase in BAER wave V latency and the I-V and III-V intervals in the extremely premature babies reflected functional impairment and maturational delay in axonal myelination and synapses in the immature brainstem auditory pathway. This abnormality is more severe in babies with BPD than those without.
The brainstem auditory impairment in our extremely premature babies could be mainly attributed to by the extremely premature birth and associated perinatal conditions or problems. Although there were controversies over the effect of premature birth on the developing auditory pathway, recent BAER studies have indicated that premature birth per se has a limited effect on neonatal auditory function (12) (13) (14) (15) . The BAER abnormalities in premature babies with perinatal problems tended to be more significant in those with a shorter gestation than those with a longer gestation. This difference is mainly related to the fact that the prenatal and perinatal conditions that are associated with a shorter gestation are generally more unfavorable, compared with those that are associated with a longer gestation. Numerous previous studies have shown evidence that neurological impairment and developmental disabilities are related to gestation, and are generally more common and more severe in children born extremely premature than in those born late or very premature (16) (17) (18) (19) (20) .
Babies born extremely premature are always associated with various perinatal conditions or problems. These include metabolic acidosis, respiratory distress syndrome, patent ductus arteriosus, disrupted alveolar and capillary development, pulmonary interstitial emphysema, oxygen toxicity, hyperbilirubinemia, intraventricular hemorrhage, periventricular leukomalacia, perinatal infection and inflammation, genetic susceptibility, and BPD (21) . These unfavorable conditions could directly or indirectly affect the very immature brain, leading to brain damage, neurological impairment and developmental disabilities. The brainstem auditory impairment in our extremely premature babies could be attributed to multiple unfavorable perinatal conditions or problems, though some may be more important than others. A considerable body of evidence has found several independent perinatal risk factors for perinatal brain damage and neurological impairment in premature babies, but often can not identify a single indicator that could explain all the neurological abnormalities (16, 22) . Due to the relatively small study cohort we did not performed detailed analysis of risk factors for the BAER abnormalities seen in our extremely premature babies, which is a limitation of the study. Nevertheless, the BAER abnormalities, suggesting functional impairment of the brainstem auditory pathway, in our extremely premature babies were clearly more significant in those with BPD than those without BPD. It appears that neonatal BPD is a significant contributor to the functional impairment of the brainstem auditory pathway in babies born extremely premature.
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